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Abstract: In this review the authors discuss the polymer chemical, physical and 
cell biological aspects of poly (DL-lactic acid/glycine) copolymers, both in vitro 
and in vivo. 

The mechanism and rate of degradation and the degree of foreign body reaction 
were evaluated as a function of the molecular composition of the (co)polymer, its 
initial molecular weight and changes in crystallinity. 

Data from the literature concerning poly(lactic acid), poly(glycolic acid) and 
poly(amino acids) are included in this review. 

The choice to apply the polymers mentioned was determined by their nature: 
all are present in the human body as natural residues. Upon degradation, 
biocompatibility will thus not be impaired. 

The authors conclude that the degradation mechanism of poly(lactic acid), 
poly(glycolic acid) and poly(amino acids) are similar, i.e. bulk hydrolysis of ester 
bonds. The initial molecular weight and the chemical composition, determine the 
rate of degradation and the degree of foreign body reaction. 

TRODUCTION 

The need for temporary therapeutic aids in the 
medical field, for example, absorbable implant9 
and drug carrier systems’ has stimulated the 
application of degradable polymers. Upon implan- 
tation of such materials, the human body reacts by 
encapsulation or extrusion of this foreign body. The 
intensity and extent of this reaction varies widely 
depending on the physical and chemical nature of 
the foreign body. The combination of physical and 
chemical factors determines whether the material 
can be described as ‘compatible ‘. 

Biocompatibility is defined as ‘the ability of a 
material to perform with an appropriate host 
response in a specific application’.3 This definition 
covers all eventualities but it is not practical. We 
therefore prefer the concept that a material of 
optimal biocompatibility does not lead to an 
additional acute or chronic inflammatory response 

and does not prevent a proper differentiation of 
implant-surrounding tissue. This implies that every 
biomaterial will have its own specific requirements 
for an optimal biocompatibility. 
will thus depend on the ultimate a~~~~cati~~ of a 
material. 

In general, a biomaterial can evoke a series of 
events after its implantation in the body, including 

- wound healing reaction4q5 
- foreign body reactionG 
- tissue reactions caused by toxic 

monomer leachables, plasticizers, 
initiators or fillers7 

- infection, etc.’ 

Some of these events can be avoide 
choice of material and implantation procedure. 
Others, however, will always take place and are 
influenced by factors such as: 

- Biodegradability : fragmentation and solubil- 
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ization of a material will, in general, cause an 
inflammatory response.g-13 The degradation 
products can be toxic, acid or may evoke a 
physiological response in another way. Ad- 
ditionally, fragmentation products may cause 
mechanical irritation of the surrounding tis- 
sue. 
Porosity: the pore size determines whether 
cells can invade a material and to what extent 
the foreign body reaction takes place.14-16 
Shape: the shape and size of a biomaterial is 
determined by its purpose. From a cell- 
biological point of view, however, a tube- 
shaped materialI with a diameter less than 
1 rnrnl’ will elicit a minimal foreign body 
reaction in a subcutaneous implantation 
model. Sharp protrusions or extreme rough- 
ness at the surface will cause a more severe 
fibrous reaction and a prolonged inflam- 
matory response. 
Physico-chemical nature of the material: many 
parameters are involved (e.g. chemical struc- 
ture, surface charge, wettability, compliance). 
The first interactions of tissue cells or proteins 
with a biomaterial will primarily be influenced 
by these parameters.1g-23 

many cases, it is difficult to differentiate 
between tissue reactions as a result of normal 
wound healing phenomena and as a result of the 
presence of the foreign body, especially during the 
first two weeks after implantations. Some factors 
will even determine part of the wound healing 
reaction (wettability, mobility, shape, size, porosity, 
etc.) while others tend to determine the foreign 
body reaction at a later stage (degradation, com- 
pliance). 

It is obvious that the biocompatibility of de- 
gradable materials is, in general, not as optimal as 
non-degradable materials. One might then ask why 
degradable material should be used. 

First, the ultimate purpose of the biomaterial 
might be of a temporary nature, e.g. bone plates, 
sutures, drug delivery devices, in which it is 
preferable that the material degrades rather than 
remains in situ. Second, the choice of material can 
be such that the body does not recognize the 
implant as foreign, from a chemical point of view. It 
is possible, for example, to use ‘natural’ compounds 
to synthesise a degradable biomaterial. The use of 
L- and D-lactic acid,24-28 butyric acid,2g glycolic 
acid,30 a-amino acids, 31~34 etc., is a logical choice in 
this context, although it is still difficult to optimize 

all relevant properties. With regard to bio- 
compatibility, these materials will score high. In the 
author’s laboratories they have experience with the 
synthesis and cell-biological evaluation of poly L- 
lactic acids in general. In this overview the bio- 
compatibility of poly (DL-lactic acid/glycine) co- 
polymers will be evaluated and compared with DL- 
lactic acid/glycolic acid copolymers. 

2 POLY DL-LACTIC ACID/GLYCIN 
COPOLYMERS 

2.1 Introduction 

The essence of biodegradable materials is the 
presence of labile bonds which can be cleaved by 
hydrolysisz4 or enzymatic activity. Two major 
classes of degradable polymers that fulfil the above- 
mentioned prerequisites are : poly (a-amino acids)34 
and polyesters.25 

a-Amino acids and poly-a-amino acids can be 
represented by the general formulas 1 and 2 
respectively : 

H 0 
I II 

NH,-C-C-OH (1) 
I 

If R= 
R= 
R= 
R= 

R 

H H 0 
I 1 El 

t N-C-C + 

I 
R 

IL 
CH3 

CWCH,), 

CH,CH, - COOH 

(2) 

glycine, polyglycine 
alanine, polyalanine 
valine, polyvaline 
glutamic acid, 
polyglutamic acid 

The degradation mechanisms of several water 
soluble poly (a-amino acids) like L-leucine, L- 
aspartic acid or glutamic acid and ethyl glutamate 
are related to the copolymer composition and 
in particular to the hydrophobicity of the 
materia1.32’35,36 

The chemical structure of a number of well- 
known degradable polyesters are : 

H 0 
I II 

poly (glycolic acid): t O-C-C 3 
! 
H 
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H 0 

I II 
poly (L-lactic acid): f- o-c-c -+ 

I 

CH3 

poly-E-caprolactone: 
0 

II 

+- O--CH*-Cl-I,-CH,-CH,CH,-c + i 

Polyesters generally have been synthesized by 
ring-opening polymerization of the corresponding 
(di)lactones.” Copolyesters, composed of glycolic 
acid and L-lactic acid units25,37,38 or DL-lactic acid 
units3g,40 have been studied as well as copolymers 
comprising combinations of s-caprolactone and L- 
lactic acid,4’ glycolic acid42.43 or DL-lactic acid 
residues.40g44 

The degradation mechanism of polyesters has 
been described as bulk hydrolysis of the ester- 
bonds. 24 Polyglycolic acid, poly-L-lactic acid and 
polycaprolactone demonstrate initial hydrolysis in 
the amorphous regions. In a later stage the 
crystalline regions are degraded.45-48 During the 
initial hydrolysis the overall crystallinity may 
increase. The total degradation time however is 
relatively long: between 1 and 2 years. Enzymatic 
degradation of polymers has been demonstrated 
both in vitro45,46 and in vivo. In vivo, enzymes may 
be involved in the degradation process of the initial 
hydrolysis products.“7,48 

The development of new degradable materials is 
undertaken to obtain a choice of materials having 

Table 1. Characteristics of Copolymers Tested In Vitro 

different degradation times, pe~eab~~~ty and mech- 
anical properties. Although the properties of the 
homopolymers can be modified to a certain extent 
by varying molecular weight and/or crystallinity, 
copolymerization provides the possibility to prepare 
materials with a wide range of properties, which 
depend on the composition. 

An interesting class of biodegradable polymers 
are the polydepsipeptides, polymers composed of c+ 
hydroxy acid and a-amino acid residues. 
different amino acids and hydroxy acids can be 
incorporated in the polymer backbone, a wide 
variation in polymer structures and pr 
comes possible. The synthesis of polyd 
was studied by Goodman and co 
Copolymers of L-lactic acid and L-alanine,49-52 D- 
alanine,5o L-valine, 53 L- luta.mine51*53 g and L-ly- 
sines1753 have been synthesized on a small scale by 
thermal polymerization of trifluoro acetate salts of 
pentachlorophenyl esters of tri- or tetradepsi- 
peptides in the bulk or of the hydrochloride salts in 
solution. However, the synthesis of poly- 
depsipeptides based on the multistep synthesis 
procedures described above is inadequate for the 
preparation of large amounts of polymer. It may be 
anticipated that ring opening polymerization of 3- 
and/or 6-substituted 2,5-morpholin 
a-amino acid, a-hydroxy acid) cou 
prepare alternating polydepsi~epti~ 
way as used in the synthesis of 
polyglycolide. 54 

More recently, the synthesis and properties 
several alternating polydepsipeptides, synthesize 

Code Fl F2 M,, am M,,, app T, C’e) Mnc 
0 0 0.5 6000 10000 109 
2.5 0.25 0.64 19000 24000 86 
50 0.50 0.77 5000 15000 75 39000 
60 0.60 0.82 11000 30000 69 27 000 
70 0.70 0.87 20 000 43 000 66 32000 
80 0.80 0.91 38 000 67000 61 65 000 
90 0.90 0.96 48 000 97000 58 40 000 

100 1 .oo 1.00 167000 426 000 54 142000 

Fi represents the mole fractions of DL-lactide in the feed. 
F, represents the mole fractions of DL-lactic acid residues in the copolymer. 
Copolymers 0 and 25 were copolymerized at a monomer/initiator ratio of M/I = 2500 for 33 h. 
Copolymers 50-100 were copolymerized at M/I = 2500 for 48 h. 
M,, app and M_, app were determined for T, and q in DMF (GPC/LALLS). 
For 50-100, THF was used in gel permeation chromatography. 
T, was determined with DSC. 
IW”, represents the calculated molecular weight by multiplying M,,, qp with M,JMn, upp, the calculated values of M, give a 
better estimation of the real molecular weight values. 
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Fig. 1. Synthesis of glycine/DL-lactic acid copolymers in 
which x represents the molar ratio of cycle (glycine/DL-lactic 

acid) and 1 -x represents the molar ratio of DL-lactide. 

via ring opening polymerization of various 3- 
and/or B-substituted 2,5-morpholinediones, has 
been described. 

Degradation times in vivo of polydepsipeptides 
range from several weeks5j,56 to several 
months.5”‘7,58 There are indications that poly- 
esteramides can be degraded in vivo by simple 
hydrolysis of ester bonds.5g 

2.2 Synthesis and characterization 

(DL-lactic acid/glycin) copolymers were syn- 
thesized (see Fig. 1) by ring-opening copolymeriz- 
ation in the bulk of cycle (glycine/DL-lactic acid) 
(Fig. l(a)) and DL-lactide (Fig. l(b)). The initiator 
in this polymerization reaction was stannous 
octoate (tin (II) bis (2-ethylhexanoate), a preferred 
initiator in the preparation of high molecular weight 
polyesters. Optimization of the reaction conditions 
revealed that the polymerization was best per- 
formed at 130°C during 48 h and using a monomer 
to initiator ratio of 2500. 

The reaction was described in detail by Helder et 
al. ;54 several copolymers were synthesized by this 
method, having different molar ratios of DL-lactic 
acid and glycine residues. The copolymers were 
characterized by their molecular weight, molar 
composition and glass transition temperature, as 
demonstrated in Tables 1 and 2. The crude 

Table 2. Water- and cr-Bromonaphthalene Contact Angles 
(degrees), the Polar Component of the Surface Free Energy (y,) 
and Total (y,) Surface Free Energy (erg. cmm2) 

Code 0 H,O Ba-Br YP YS 

60 70 30 24.2 62.8 
75 75 30 12.2 50.8 
80 75 25 13.2 53.5 

100 80 20 12.3 54.1 

(4 

(b) 

8 7 6 5 L 3 2 1 0 wm 

I I I I I I 

1.8 1.7 1.6 1.5 1.4 1.3 
wm 

Fig. 2. ‘H-NMR spectra of (a) pure monomer DL-Iactide, (b) 
cycle (glycine/DL-lactic-acid), (c) purified copolymer 60, and 
(d) the spectrum of crude glycine/DL-lactic acid copolymer. 

polydepsipeptides were purified by dissolving the 
polymerization products in THF or chloroform and 
subsequent precipitation in ethanol. The solvent 
used in the purification of poly(glycine, DL-lactic 
acid) was DMF. 

The monomer conversion and molecular com- 
position of the copolymers was determined using 
rH-NMR spectroscopy, using CDCl, or DMSO-d6 
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(po~y~g~ycine~~L_~a~ti~ acid}) as solvent and tetra- 
methylsilane (TMS) as an internal reference. The 
spectra were recorded with a Nicolet 200 MHz 
NMR apparatus. The composition was calculated 
from the methylene and methine proton int.egra- 
tions. The glycine is represented by the methylene 
proton signal at 4-O ppm. The signal at 5-l ppm 
results from both monomeric units. 

Figure 2 shows NMR spectra of (a) the pure 
-la&de, (b) cycle (glycine-DL-lactic- 

purified copolymer 60. As can be 
observed, the doublets of the methyl protons of 

monomers are found somewhat more down- 
than those of the copolymer. To obtain the 

conversion of 6-methylmorpholine-2,5-dione and 
DL-lactide, residual amounts of the monomers in 
the crude rization products were determined 
from the -spectra expanded in the methyl 
proton region (Fig. 2(d)). The monomer conversion 
was determined om the relative intensities of the 
methyl proton oublets of the monomers and 
copolymer. The overall composition was calculated 
from the methylene proton integrations. 

The molecuk~r we&lit was determined using GPC 
or GPC/LALLS as already mentioned.54’60 The 
GPC curves of the copolymerization product 
showed that the molecular weight distribution 
becomes broader at longer reaction times. This 
broadening was attributed to an increase in iVi, 
with constant &?, due to the occurrence of ester 
interchange reactions.61 Other factors such as the 
difference in the rate of conversion of both 
monomers and the different elution volumes of 
chains of different compositions also may be 
important. The composition of the copolymers was 
therefore ana.iysed during the polymerization re- 
action. Spectrosco ic analysis showed that the mole 
fraction of DL-lactic acid/DL-lactic acid residues 
(from the incorporation of DL-lactide) in the 
copolymer is slightly higher than that of glycine/ 
DL-lactic acid residues during the initial stages of 
the reaction (see also Table 1). The rate of 

oration of DL-lactide in the copolymers is 
than that of morpholinedione. 

This means that a drift in monomer feed 
composition with conversion occurs. Obviously, 
during the final stages of the polymerization 
reaction the incorporation of glycine/DL-lactic acid 
residues increases. Probably, some chains are 
therefore relatively rich in glycine/DL-lactic acid 
residues and others are relatively rich in DL-lactic 
acid/DL-lactic aci 

Figure 3 shows the relationship between M,, app 
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Fig. 3. The relation between M,, app and the mole fraction of 
DL-lactide in the feed. Note that M,,,, upp increases with in- 

creasing amount of DL-Iactide. 

and the mole fraction of DL-lactide in the feed. We 
can observe that M,+,, app increases with an 
increasing amount of DL-lactic aci 

Glass transition temperatures <7J w 
with differential scanning calorimetry 
DuPont 990 thermal analyser. In Fig. 4(a) the 
relation between T, and the molar ratio of DL- 
lactide is given. The glass transition tern 
the copolymers increase with increasing mole 
fraction of glycine residues in the copolymer. 

The glass transition temperatures of the glycine/ 
DL-lactic acid copolymers deviate from the lines 
according to the FOX~~ and Pochan”3 equations (see 
also Fig. 4(b) and 4(c)). The extent of deviation is 
larger for the copolymers with increasing glycine 
content. This deviation must be attributed to the 
fact that poly(glycine/DL-lactic acid) is an alter- 
nating copolymer. The glass transition temperatures 
of alternating copolymers differ from those of non- 
alternating copolymers having the same overall 
composition. 64 

The extent of the deviation depen 
sequences of the components in the non-alternating 
copolymers and is larger when the alternating 
sequence is less present i the copolymer. This 
feature can be explained y proposing that the 
overall chain flexibility of the c olymer is affected 
by the introduction of an A hetero-link. The 
effect depends upon whether the rota~i~~a~ barrier 
of the A-B link is larger or smaller than the 
average of A-A and B-B homo-hnks.64 

The tensile load profile (Fig. 5) shows t 
general the strength decreases with increasin 
lactic acid content. On the o and, the per- 
centage elongation increases an increasing 

ECM 7 
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Fig. 4. (a) Glass transition temperature (T,) versus the molar 
ratio of DL-lactide in the feed; T, of the copolymer increases 
with higher glycine content of the copolymer. (b) Comparison 
of the reciprocal T, values of the copolymers with the line ac- 
cording to the Fox equation (lower line). (c) Comparison of 
the reciprocal T, values of the copolymers with the line 

according to the Pochan equation (upper line). 
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Fig. 5. Tensile load at break versus the percentage of DL- 
lactide in the feed. 
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Fig. 6. Percentage elongation of the copolymers as a function 
of the percentage DL-lactide in the feed. 

amount of DL-lactic acid residues in the copolymers 
(Fig. 6). 

Scanning electron microscopy reveals the porous 
nature of the glycine/DL-lactic acid copolymer 
disks. Figure 7 shows the surface of copolymer 60. 
The micropores are clearly visible. Figure 8 shows a 
cross-section through a disk of copolymer 80 ; two 
different layers can be observed. A thin porous 
outer layer (approximately 100 pm) and a solid 
inner structure. Other copolymers have similar 
morphologies though pore sizes and percentage 
porosity may differ slightly.60 Mechanical properties 
of several of the copolymers are shown in Figs 5 and 
6. 

The surface properties of some copolymers 
(codes: 60, 75, 80 and 100) were determined by 
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Fig. 7. Scanning electron micrograph of the surface of 
copolymer 60 (Table 3); the surface is relatively smooth with 

occasional pores which are smaller than 1 pm (see insert). 

means of contact angle measurement, as described 
usscher et al.65 Table 2 shows the 

water- and a-bromonaphthalene contact angles 
(degrees), the polar component of the surface free 
energy and total surface free energy (erg. cm-‘). In 
general, the more glycine residues are present in the 
copolymers, the more hydrophilic the surface 
appears. From recent work66-68 on the influence of 
surface free energy on the spreading and growth of 
ceils, it is clear that the more hydrophilic a material, 
the better cells will adhere and spread (with the 
exception of very high surface free energy 
hydrogels). We therefore expect a more pronounced 
tissue reaction on the copolymers high in glycine 
content. The presence of leachables in the co- 
polymers might however interfere with these pre- 
dictions. 

In concluding this section it is demonstrated that 
copolymerization of cyclo(Gly-Lac) and DL-lactide 
offers a convenient method to obtain glycine/DL- 

Table 3. Three Copolymers Studied Both In Vitro and In Vivo 

Fig. 8. Scanning electron micrograph of a transection thrOUgh 

a disk of copolymer 80. The porous outer layer can be seen in 
more detail in the insert. 

lactic acid copolymers of varying corn 
The molecular weights of the copolymers 
same order of magnitude, but are lower than those 
of PDLA prepared under similar reaction con- 
ditions. At low monomer conversions the DL- 
lactide was preferentially incorporated in the co- 
polymer, eventually resulting in a deviation of 
random distribution of the monomers in the 
copolymer. 

2.3 Degradation 

Degradation of the different lactic acid/glycin 
copolymers was studied as a function of time. Both 
in-vitro and in-vivo studies were performe 

In the in-vitro studies the copoly 
sented in Table 1, were cast onto silanized glass 
surfaces to obtain discs with a diameter of 12 mm, 
an average thickness of 0.5 mm an 
weight of 50 mg, as described in il by 

60 0.6 0.82 6000 18000 69 15000 
80 0.8 0.91 19000 39000 61 33 000 

100 1.0 1.00 24 000 52 000 54 20 000 

Polymer 100 (PDLA) is a low molecular weight reference. DL-lactide was kindly provided by CCA, Biochem, Gorinchem, The 
Netherlands. 
F, represents the mole fractions of DL-lactide in the feed. 
F, represents the mole fractions of DL-lactic acid residues in the copolymer. 
IV,,, app and IV,, app were determined for T, and q in DMF (GPC/LALLS). 
q was determined with DSC. 
M represents the calculated molecular weight by multiplying M,, app with MJM,, app, the calculated values of IV, give a 
be%% estimation of the real molecular weight values. 



260 J. M. Schakenraad, P. J. Dijkstra 
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Fig. 9. In-vitro degradation; percentage of mass remaining as 
a function of immersion time in buffer of copolymers 50, 70 

Fig. 11. In-vitro degradation ; rate of degradation (In M,, 
upp) as a function of immersion time in buffer of copolymers 

and 90. 50, 70 and 80. 

0 20 40 60 80 100 120 140 
t [days) 

Fig. 10. In-vitro degradation; remaining molecular weight as 
a function of immersion time in buffer of copolymers 50, 70 

and 90. 

et aL6’ The disks were placed in a buffer solution 
(0.1 M Na,HPO, and KH,PO, at pH = 7.4) at 37°C. 
When the pH dropped below 7.2, the buffer was 
exchanged. At different time intervals disks were 
removed from the buffer and mass and molecular 
weight were determined. In Figs 9 and 10, the mass 
loss and molecular weight (M,, app) loss of 
polymers 50, 70 and 90 (see Table 1) is illustrated. 
We observe in Fig. 9 that an initial weight loss 
occurs in the first few days for all copolymers. This 
is probably due to the presence of a few per cent of 

residual solvent (THF), as can also be seen in the 
‘H-NMR spectrum (Fig. 2(c)). For use in an in-vivo 
model the disks should be rinsed extensively before 
implantation, since an adverse reaction might well 
be due to the presence of solvent rather than 
incompatibility of the biomaterial. 

Copolymer 50 starts losing mass at approxi- 
mately 10 days, copolymer 70 at approximately 25 
days, copolymer 90 at approximately 70 days and 
pure poly(DL-lactide) at 120 days. For all polymers 
the time interval in which mass loss takes place is 
approximately 30 days (steep part of the curves). 

Apparently, when the molecular weight reaches a 
value of approximately 10000 (M,, app) the 
polymers become soluble. Molecular weight loss 
(Fig. 10) illustrates the above-mentioned mech- 
anism. In Fig. 11 we observe that the rates of 
degradation, as measured by loss in molecular 
weight, are similar for all three copolymers. Never- 
theless, weight loss occurred sooner for copolymers 
containing more glycine residues. Probably, the 
higher solubility of the fractions rich in glycine, 
which are more hydrophilic than fractions rich in 
lactic acid residues, is responsible for this phenom- 
enon. 

Recently several authors have tried to describe 
the degradation mechanisms for the hydrolysis of 
polyesters. 6g-72 Two equations71’72 describe the 
hydrolysis : 

- autocatalysed hydrolysis (by the COOH 
groups) : 

ln(M,) = ln(M,O) - k, . t (3) 
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01 
0 2 10 

t (weeks) 

Fig. X2. In-vivo degradation; percentage of mass remaining as 
a function of implantation time of copolymers 60, 80 and 100. 

-0 2 5 10 
t (weeks1 

Fig. 13. In-vivo degradation; remaining molecular weight as a 
function of implantation time of copolymers 60, 80 and 100. 

- uncatalysed hydrolysis : 

l/Mn = l/A&“+k,.t (4) 

Equation (3) fits the observations as shown in Fig. 
11 and it is therefore concluded that the mechanism 
of degradation ofglycine/DL-lactic acid copolymers 
is consistent with autocatalytic hydrolysis. Hy- 
drolysis of these copolymers presumably mainly 
occurs by ester bond scission. 

In-vivo degradation of copolymers 60, 80 and 
100 was studied by subcutaneous implantation in 
the rat.” The copolymer disks remained implanted 
for 2, 5 or 10 weeks In Fig. 12 the mass losses in 
vivo of copolymers 60, 80 and 100 are shown. 
Figure 13 demonstrates the loss of molecular weight 
in vivo as a function of time. 

20 

t (weeks1 

Fig. 14. In-vivo degradation; rate of degradation (In M,,, 
qp) as a function of implantation time of copolymers 60, 80 

and 100. 

We can observe similar phenomena as observed 
in the in vitro studies. The weight loss starts as soon 
as the molecular weight reaches values beneath 
approximately 5000 (M,, app). 

Degradation rates in vivo (Fig. 14) are somewhat 
lower than in vitro (Fig. 11). This p~euomeno~ was 
also observed by Pitt4’ for the degradation of 
poly(DL-lactide) and poly-s-(caprolactone). A poss- 
ible explanation could be the formation of a fibrous 
tissue capsule around the implant, resulting in an 
accumulation of degradation products. Further- 
more, the proteinaceous environment may result in 
a lower solubility of the material. 

2.4 Biocompatibility 

Biocompatibility was tested both in vivo and in 
vitro. In-vitro tests, using a cell culture system in 
which the biomaterial is in direct contact with 
fibroblast cells, showed that the copolymers tested 
(60, 80 and 100) were biocompatible. Figure 15 
shows a cell culture of fibroblasts in the presence of 
copolymer 60, after 4 days. No halo formation (cell 
death in the immediate vicinity of the test sample) 
was observed. Cellular morphology seemed normal 
as compared to control cultures on tissue culture 
polystyrene. Cells in contact with the biomaterials 
did not show signs of impaired function. A well- 
spread spindle-shaped morphology without the 
occurrence of spider-like retraetions,73 in 
decreased adherence, was observed. T 
rate, as established by the cell count, did not 

ECM 7 
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Fig. 15. In-vitro bioconipatibility test of copolymer 60; direct 
contact test using human skin fibroblasts. Cell morphology 
and growth are not impeded by the presence of the 
biomaterial. Note the close alignment between cells and poly- 

mer (arrows). The bar represents 30 pm. 

decrease, in comparison with control cultures on 
tissue culture polystyrene. In both cases the plateau 
values were reached within 4 days. 

Similar in-vitro observations were made for 
copolymers 80 and 100. Although previous in-vitro 
degradation studies (NMR) showed that residual 
solvent (THF) was still present in the copolymer 
disks (Fig. 2(c)), extensive rinsing in saline solution 
prior to the tissue culture tests resulted in such a low 
level of THF that cell growth and morphology were 
not impaired. 

It has been demonstrated many times74-s1 that in- 
vitro tests are often more sensitive than their in-vivo 
counterparts in gaining information on bio- 
compatibility and material characteristics. An 
example of a very sensitive in-vitro test to screen 
future biomaterials is the gel-culture test, as recently 
described by van Luyn et aLs2 

An intermediate test system between in-vitro and 
in-vivo tests is offered by the cage implant system as 
described by Anderson et aLs3 A physiological 
environment is provided without direct contact 
between phagocytes and the biomaterial tested. 

As Coleman et aLa4 already stated, in-vivo tests 
are often too cumbersome for routine evaluation of 
new materials. Additionally, in-vivo tests are sel- 
dom quantitative but remain descriptive and highly 
subjective. Nevertheless, in-vivo studies are in- 
evitable ; questions concerning to what extent 
mechanical trauma contributes to the reaction, 
what the most tolerable structural unit size for the 
implant is; and what part of the overall reaction is 
caused by surface morphology, etc., remain to be 
answered. 

The in-vivo implantation tests of the lactide/ 

glycin copolymer disks comprised subcutaneous 
implantation on the back of rats for 2, 5 and 10 
weeks respectively. The results on molecular weight 
and mass loss have been presented in Figs 12 and 
13. 

Disks for determination of tissue reactions were 
fixed in 2 % glutaraldehyde.58 Subsequently samples 
were prepared for light microscopy by embedding 
in glycol methacrylate as described in detail by 
Gerrits et al.s5 

After polymerization was completed, sections 
were cut and stained with toluidine blue and 
alkaline fuchsin (a specially developed stain for 
embedded biomaterials).s6 

Light micrographs show that the overall tissue 
reaction is governed by two main principles 

(1) the general wound healing reaction, which is 
comparable for all three different implants 
(60, 80 and 100) ; 

(2) the physico-chemical nature of the implant. 

Wound healing lasts approximately 2 weeks, 
indicating that at the first time interval (2 weeks) 
wound healing has been completed and the 
reactions observed are due to the material proper- 
ties. The nature of the implant determines further 
tissue reactions. As shown in Figs 12 and 13, the 
material becomes soluble at a molecular weight of 
approximately 5000 (MJ. This event is apparently 
the trigger for an enhanced foreign body reaction: 
macrophages fusing to giant cells, polymorpho- 
nuclear granulocytes, sprouting blood vessels, 
etc 87283 

Wound healing reactions, as observed for co- 
polymers 60, 80 and 100, do not differ from a 
normal wound healing without a biomaterial pres- 
ent:5,8g,g0 an initial influx of granulocytes, im- 
mediately followed by monocytes, converting into 
tissue macrophages’l After approximately 3 days 
the acute inflammatory response ends and fibro- 
blasts start migrating towards the healing site 
(attracted by chemotactic agents produced by 
macrophages).gz In a later stage (10 days) these 
macrophages produce factors that stimulate fibro- 
blasts to synthesize collagen.” 

For copolymer 60, we can observe from Fig. 13 
that within 2 weeks the molecular weight drops 
beneath the M,, app of approximately 5000. 
Therefore the wound healing reaction around 
copolymer 60 is immediately followed by a foreign 
body reaction (Fig. 16). 

Macrophages infiltrate the disintegrating matrix 
of copolymer 60 (arrow). Foreign body giant cells 
can already be observed. Approximately five layers 
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Fig. 16. Light micrograph of copolymer 60 (P) after 2 weeks 
of implantation. Macrophages infiltrate the disintegrating 
matrix (arrows). Approximately five layers of macrophages 
(M) and a fibrous layer (F) could be observed around the im- 
plant. The bar represents 100 ,um. The macrophages can be 

seen in more detail in the insert (bar = 40 pm). 

Fig. 17. Light micrograph of copolymer 60 (P) after 5 weeks 
lood vessels can be observed within the ma- 

terial (insert). Giant cells and macrophages are positioned di- 
rectly against the material (arrows). The thickness of the 
cellular layer outside the implant (CL) did not increase. The 

bars represent 63 pm and 15 ,um respectively. 

of macrophages (M) were observed directly around 
copolymer 60. fibrous layer (F), containing many 
blood vessels and capillaries had developed around 
the implant. Deposition of collagen by these 
fibroblasts could occasionally be observed. After 5 
weeks (Fig. 17) 50 % of the biomaterial has already 
degraded. Light micrographs show extensive tissue 
ingrowth into the biomaterial. Blood vessels (B) can 
be observed within the material. Large amounts of 
giant cells and single macrophages are positioned 
directly against the material in an attempt to engulf 
the foreign material (arrows). Many parts of 
polymer debris have already been phagocytized and 
are degraded intr ellularly. The thickness of the 
cellular layer outsi the implant (macrophages and 
fibroblasts) did n ncrease in time. The activity is 
apparently direct 

Fig. 18. Light micrograph of copolymer 60 after 10 weeks of 
implantation. The polymer bulk is completely invaded by 
macrophages, giant cells, blood vessels, etc. Only small 
fragments of the polymer remain. The bar represents 40 pm. 

Fig. 19. Copolymer 60 after 10 weeks of impIantatian. 
(a) Polymer fragments (P) can be seen inside I-ilacrophages and 
giant cells; the bar represents 15 pm. (b) and (c) Large and 
small polymer particles either surrounded by macrophages 
and giant cells or internalized for intracellular degradation, 
Blood vessels and capillaries can be observed throughout the 

implant. The bars represent 15 pm and 25 urn respectively. 

Figure 12 shows that, after 10 weeks of im- 
plantation, only a few weight per cent remains. This 
is confirmed by the light micrsgra 
Figure 19(a), (b) and (c) show the remaining 

20.2 
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Fig. 20. Copolymer 60 after 16 weeks of implantation. Only 
organized fibrous tissue remains. Some very small polymer 
particles can still be seen (arrow). The bar represents 40 pm. 

polymer particles (P) being degraded by macro- weeks hardly any tissue infiltration in copolymer 80 
phages and giant cells. Blood vessels (B) are (P) had occurred. The fibrous layer around the 
observed throughout the implant. The fibrous implant was comparable with copolymer 60, 
capsule around the implant has completely although more macrophages seemed to be present 
matured; the number of fibroblasts has decreased at the interface with the material. After 5 weeks, 
again; no more collagen has been deposited. When limited infiltration of macrophages and giant cells 
all the polymer material had degraded only some was observed (Fig. 22), comparable with the 
scar tissue remained (Fig. 20). situation at two weeks for copolymer 60. 

A similar cascade of events was observed for 
copolymers 80 and 100, except that the original 
molecular weight (M,) was higher: 19000 for 
copolymer 80 and 24000 for polymer 100. Since the 
rate of degradation was similar for all copolymers 
(Fig. 14) it is inevitable that the M,, app at which 
the copolymer fragments become soluble, is only 
reached several weeks later (see Fig. 14): for 
copolymer 80, at approximately 3 weeks, and for 
polymer 100, at approximately 6 weeks. 

The light micrographs (Fig. 21) show that after 2 

After 10 weeks extensive tissue infiltration in the 
implant was observed (Fig. 23). This stage was 
comparable with copolymer 60 at week 5. 

Polymer 100 demonstrated hardly any visible 
degradation until week 10. After 10 weeks only 
minor phagocytic activity was observed (Fig. 24). 

These observations confirm the degradation 
hypothesis of ester bond scission of the bulk. The 
higher the molecular weight, the longer it takes for 
the polymer bulk to reach a molecular weight value, 
from which the polymer fragments become soluble. 

P 

Fig. 22. Copolymer 80 (P) after 5 weeks of implantation. 
Limited infiltration into the polymer can be observed. The bar 

represents 63 pm. 

Fig. 21. Copolymer 80 (P) after 2 weeks of implantation. A 
few layers of macrophages and fibroblasts can be observed 
around the implant. Hardly any infiltration into copolymer 80 

is observed. The bar represents 25 pm. 

Fig. 23. Copolymer 80 (P) after 10 weeks of implantation. 
Many foreign body giant cells can be observed in an attempt 
to engulf the polymer debris. The bar represents 15 pm and 

40 pm (insert). 
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Fig. 24. Polymer LOO (P) after 10 weeks of implantation. Only 
minor phagocytic activity can be observed. The bar represents 

63 Frn. 

Before this point is reached, fragments of the 
polymer bulk become loosened or are internalized 
by macrophages or giant cells which, in turn, 
continue with the degradation process. 

The process ends when all foreign material is 
hydrolyzed and phagocytosed. Then the stimulus 
for cellular activity disappears and only some scar 
tissue remains. 

To compare these observations with the degra- 
dation behaviour of other polymers it is relevant to 
pay some attention to DL-lactide and glycolic 
acid/lactic acid copolymers in different com- 
positions, as studied by others (see also Table 4). 

L-lactide), as studied by Visscher et 
al. 93 with a molecular weight (M,) of 38900, 
demonstrated a similar foreign body reaction, 
although a somewhat longer degradation time (420 
days) was observed in this intramuscular model. 
Visscher et al., however, describe the reaction as 
being a totally non-adverse tissue reaction with an 
initial mild subacute myositis which subsides to a 
minimal localized connective tissue and foreign 
body reaction. 

Pitt et al.*O recognized that the decrease in 
molecular weight of DL-lactide and caprolactone 

was accompanied by an increase in crystallinity and 
brittleness, but weight loss was not observed until a 
limiting M,, of approximately 5000 was reached. 
Furthermore, Pitt et al. state that the mechanism 
of degradation was non-en matic random hy- 
drolytic ester bond cleavage, and the time interval 
needed for complete degradation 
the initial molecular weight an 
structure of the implant. 

Zaikovg9 describes a similar egradation mech- 
anism for polyglycolic acid. Considerably shorter 
degradation times are observed. Polyglycolic acid 
shows a very severe macrophage mediated tissue 
response.29.1oo 

It seems logical that copolymers composed of 
DL-lactide and glycolic acid residues woul 
onstrate an in-between degradation time 
similar tissue response and degradation mechanism, 
as compared to the homo 
investigators have studied this 
polymer. In a clinical situation, 
coworkers implanted polygIa~tin 910 suture 
material woven into a vascular prosthesis.s4,95 Poly- 
glactin 910 (Vicryl, Ethicon) is composed of 90 % 
glycolic acid and 10 % DL-lactic acid residues ; 
molecular weights were not mentioned. They 
observed a degradation of the graft within 40 days 
after implantation in situ. Smooth muscle cells and 
fibroblasts infiltrated the graft. Foreign body giant 
cells and a few inflammatory cells were observed 
around residual polyglactin 9 10 laments. Capil- 
laries were observed inside the grafts and colla- 
genous tissue had formed. 

The same copolymer was studie atlaga an 
Salthousel’ focusing on the ultrastr~~ture of tissue 
cells reacting to the copolymer. They observed a 
degradation time of approximately 2 months after 
intramuscular implantation in rats. The polyglactin 
910 evoked a foreign body reaction, mediated by 
macrophages. The initial cellular reactions against 
the biomaterial (the first 4 weeks) were quite similar 

Table 4. Lactic Acid/Glycolic Acid Copolymers : Chemical Composition and Molecular Weight 

Basic poiymer % Copolymers Mw 

Approximate 
degradation 
time (days) re$ no 

Poly L-lactic acid 38900 420 93 
Poly DL-lactic acid 14OOO(M,) 200 40 

49 000 (Iw,) 420 
PoIy DL-lactic acid 10 % glycolic acid > 60 10: 94, 95 
Poiy DL-lactic acid 20 % glycolic acid 40000 90-120 96 
Poly DL-lactic acid 50 % glycolic acid 40 000 < 60 97, 98 
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as described for poly L-lactide: a wound healing 
reaction followed by an encapsulation by macro- 
phages and the formation of a collagen forming 
fibrous layer.lol 

From day 35 onwards, significant degradation of 
the implant was observed. The amount of giant cells 
and their activity seemed even higher, as judged by 
the abundance of mitochondria, lysosomes, and 
high levels of acid phosphatase activity. Matlaga 
and Salthouse suggest that the ultimate degradation 
products, lactic and glycolic acid, were metabolized 
within giant cells and macrophages. The site of 
metabolism is believed to be within the mito- 
chondria via the Krebs cycle enzymes.13 

Kitakado et al.‘6 developed a poly DL-lactic 
acid/glycolic acid copolymer containing 80 % lactic 
acid and with a molecular weight of 40000 (M,). 
The degradation time varied between 3 and 4 
months. Little foreign body reaction was described. 

Regarding the DL-lactic acid and glycolic acid 
polymers and copolymers, the degradation rate 
influences the degree of foreign body reaction. In 
turn, the degradation rate will be determined by the 
chemical nature and molecular weight of the 
polymers. The more DL-lactic acid present in the 
copolymer, the lower the degradation rate, resulting 
in a less severe foreign body reaction. 

Consequently, the degree of foreign body re- 
action anticipated after implantation of 50/50 poly- 
lactic/polyglycolic acid is even more severe than 
that of 80/20 and 90/10. The degradation time will 
also be shorter. Visscher et CZ~.‘~-‘~ studied the 
intramuscular degradation of 50/50 poly(DL- 
dilactide-co-glycolide) microcapsules. Complete de- 
gradation was observed within 60 days. Many 
foreign body giant cells were observed around the 
implants, although the authors prefered to refer to 
the reaction as ‘minimal foreign body response’. 

The mechanism of degradation was suggested to 
be hydrolysis of ester bonds. Hydrolysis of the 
microcapsules was first observed within the bulk of 
the material. The erosion of internal matrix before 
breakdown of the external layer may indicate a 
difference in the crystalline structure of the outer 
shell. Vert and coworkerslo also described this 
phenomenon of initial internal degradation. 

It may be clear that the biodegradability of 
copolymers of lactic acid and glycine or glycolic acid 
is influenced by their chemical composition and 
molecular weight. Additives such as plasticizers, 
initiators, solvents, monomer residues, ion- 
diffusion, ionic strength of surrounding fluid, etc., 
can also influence the biocompatibility and bio- 
degradability of the (co)polymers. 102-106 

A factor still not mentioned is the enzymatic 
breakdown of polymer materials.ll Williams and 
coworkers have described the effects of enzymes on 
polyglycolic acid,lo7 polylactic acidlo and even on 
nylon, PMMA and polyethyleneteraphthalate 
(PET). log Polyglycolic acid was said to be sus- 
ceptible to bromelain, esterase and leucine amino- 
peptidase activity, which enhanced the hydrolysis. 
Polylactic acid was susceptible to bromelain, pro- 
nase and proteinase K. Even some nominally stable 
polymers, such as polyethyleneterephthalate and 
nylon 661°g were affected by enzymes (e.g. papain). 
On the other hand, other authors demonstrated 
that in-vivo implantation studies of poly(L-lactic 
acid) showed no influence of enzymes.g7~110 
Schakenraad et al.110 and Pitt et aL40 did not 
observe significant differences between in-viva and 
in-vitro degradation studies, suggesting no influence 
of enzymes on the rate of hydrolysis. Williamsll 
however did demonstrate an effect of enzymes on 
hydrolysis, both in vitro and in vivo. The con- 
centration of enzymes at the polymer surface in vivo 
however can not accurately be determined nor 
influenced and is probably much lower than the 
level in in-vitro studies. 

These considerations made us conclude that 
enzymatic enhancement of hydrolysis will probably 
not play a role of importance with in-vivo degra- 
dation of aliphatic polyesters. 

In conclusion, the in-vitro and in-vivo degra- 
dation patterns of polylactic acid, polyglycolic acid, 
polyglycine and their copolymers are quite similar. 
Bulk hydrolysis of ester bonds is the most apparent 
means of degradation. The initial molecular weight 
and the chemical composition (e.g. ratio of co- 
polymers) determines the ultimate degradation time 
and degree of tissue reaction. The biocompatibility 
of all these polymers and copolymers is acceptable, 
since the monomer is a natural residue ; however, 
a change in molecular weight and thus the start of 
solubility determines the onset of a severe foreign 
body reaction, mediated by active macrophages and 
foreign body giant cells. In itself this reaction is not 
considered to be an indication of poor bio- 
compatibility but merely a part of the foreign body 
‘ healing’ reaction. The cascade of events is focused 
on removing the soluble fragments and the small 
solid fragments from the scene of action. 

ACKNOWLEDGEMENTS 

The authors gratefully acknowledge the assistance 
and interest of I. Stokroos, D. Huizinga, H. 
Meiborg, P. van der Sijde, G. Hoogenberg, S. 



* Biocompatibility of Poly CDL-Lactic Acid/Glycine) Copolymers 26% 

Nijdam, M. de Wolff, Janneke Helder, J. Feijen and 22. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19 

20 

21. 

EFERENCES 

SOS, R. FL I’d., Boering, G., Rozema, F. R., Leenslag, J. 
W., Pennings, A. J. & Verwey, A. B., Resorbable poly(L- 
lactide) plates and screws for the fixation of zygomatic 
fractures. J. Oral Maxillofuc. Surg., 45 (1987) 751-3. 
Wise, D. L., Trantolo, D. J., Marino, R. T. & Kitchel, J. 
P., A&. Drug,Delivery, 1 (1987) 19. 
Williams, D. F., (ed.), Defkitions in Biomaterials, 
Elsevier, Amsterdam, 1987. 
Ross, R., Woundhealing, Recent Progress-Future 
Directions. J. Dent. Res., 50 (1971) 312-7. 
Forrest, L., Current concepts in soft connective tissue 
wound healing. Br. J. Surg., 70 (1983) 13340. 
Coleman, D. I,., King, R. N. & Andrade, J. D., The 
foreign body reaction : a chronic inflammatory response. 
J. Biomed. Mat. Res., 8 (1974) 199-211. 
Michel, IX., Trace metal analysis in biocompatibility 
testing. CRC. Criticai Reviews in Biocompatibility, 3 
(1987) 235-317. 
Gristina, A. G., Biomaterial-centered infection: Micro- 
bial adhesion versus tissue integration. Science, 237 (1987) 
1588-95. 
Gilding, D. K., Biodegradable polymers. In Bio- 
compatibility qf Implant Materials, vol. 2, ed. D. F. 
Williams, CRC Press, Boca Raton, 1981, pp. 210-32. 
Matlaga, B. F. & Salthouse, T. N., Ultrastructural observ- 
ations of cells at the interface of a biodegradable polymer: 
Polyglactin 910. J. Biomed. Mat. Res., 17 (1983) 185-97. 
Williams, D. F., Review, tissue-biomaterial interactions. 
J. Material Scz’., 22 (1987) 3421-45. 
Visscher, G. E., Robison, R. L., Maulding, H. V., Fong, 
J. W., Pearson, J. E. & Argentieri, G. J., Note: 
biodegradation of and tissue reaction to poly (DL-lactide) 
microcapsules. J. Biomed. Mat. Res., 20 (1986) 667-76. 
Salthouse, T. N. & Matlaga, B. F., Polyglactin 910 suture 
absorption and the role of cellular enzymes. Surgery, 
Gynaecology and Obstetrics, 142 (1976) 544-50. 
Campbell, C. E. & von Recum, A. F., Microtopography 
and soft tissue response. J. Invest. Surg., 2 (1989) 51-74. 
van der Lei, B., Bartels, H. L., Nieuwenhuis, P. & 
Wildevuur, Ch. R. H., Microporous, biodegradable vas- 
cular grafts for the regeneration of the arterial wall in rat 
abdominal aorta. Surgery, 98 (1985) 955-63. 
Fry, W. J., de Weese, M. S., Kraft, 0. & Ernst, C. B., 
Importance of porosity in arterial prostheses. Arch. Sung., 
88 (1974) 836-42. 
Matlaga, B. F., Yasenchak, L. P. & Salthouse, T. N., 
Tissue response to implanted polymers: The significance 
of sample shape. J. Biomed. Mat. Res., 10 (1976) 391-7. 
Visscher, 6. E., Pearson, J. E., Fong, J. W., Argentieri, 
6. J., Robison, R. L. & Maulding, H. V., Effect of particle 
size on the in vitro and in vivo degradation rate of poly 
(DL-la&de-co-glycolide) microcapsules. J. Biomed. Mat. 
Res., 22 (1988) 73346. 
Baier, R. E., Meyer, A. E., Natiella, J. R., Natiella, R. R. 
& Carter, J. M., Surface properties determine bioadhesive 
outcomes-Methods and results. J. Biomed. Mat. Res., 18 
(1984) 337-55. 
Maroudas, N. G., Adhesion and spreading of cells on 
charged surfaces. J. Theor. Biol., 49 (1975) 417-24. 
Hogt, A. H., Gregonis, D. E., Andrade, J. D., Kim, S. W., 
Danker-t, J. & Feijen, J., Wettability and zeta-potentials 
of a series of methacrylate polymers and copolymers. J. 
Colloid Interf. Sci., 106 (1985) 289-98. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

Kinley, C. E. & Marble, A. E., Compliance, a continuing 
problem with vascular grafts. ,r. Cardiovasc. Surg., 21 
(1980) 163-70. 
Lyman, D. J., Fazzio, F. J., Voorbees, II., Robinson, G. 
& Albo, D., Compliance as a factor effecting the patency 
of a copolyurethane vascular graft. 1. Biomed. Mat. Res., 
12 (1978) 337-45. 
Wise, D. L., Fellmann, T. D., Sanderson, J. E. & 
Wentworth, R. L., Lactic/glycolic acid polymers. In Drug 
Carriers in Biology and Medicine, ed. G. Gregoriadis, 
Academic Press, New York, 1979, pp. 237-70. 
Holland, S. J., Tighe, B. J. & Gould, P. L., Poiymers for 
biodegradable medical devices. I. The potential of 
polyesters as controlled macromoiecular release systems. 
J. Controlled Ref., 4 (1986) 155-W. 
Eenink, M. J. D., Synthesis of biodegradable polymers 
and development of biodegradable hollow fibers for the 
controlled release of drugs. PhD thesis, University of 
Twente, Enschede, The Netherlands, 1987. 
Leenslag, J. W., Pennings, A. J., 
F. R. & Boering, G., Resorbable materials of poly (L- 
lactide). Biomateriak, 8 (1987) 311-14. 
Reed, A. M. & Gilding, D. K., Biodegradable polymers 
for use in surgery- poly(glycolic) poly(lactic acid) homo- 
and copolymers: 2. In vitro degradation. Polymer, 22 
(1981) 494-8. 
Chu, C. C. & Wiliams, D. F., The effect of y-irradiation 
on the enzymatic degradation of polyglycolic acid 
absorbable sutures. J. Biomed. Mater, Res., 17 (1933) 
1029-40. 
Holland, S. J., Jolly, A. M., Yasin, M. & Tighe, B. J., 
Polymers for biodegradable medicai devices. Hydroxy- 
butyrate-hydroxyvalerate copolymers : hydrolytic degra- 
dation studies. Biomaterials, 8 (1987) 289-95. 
Anderson, J. M., Spilizewski, K. L. 81 Hiltner, A., 
(a-amino acids) as biomedical polymers. In 
compatibility of Natural Tissues 
ed. D. F. Williams, CRC Press, ca Raton, 1985, pp. 
67-88. 
Marck, K. W., Wildevuur, R. H., Sederel, W. L., Bantjes, 
A. & Feijen, J., Biodegradability and tissue reaction of 
random copolymers of L-leucine, L-aspartic acid and L- 
aspartic acid esters. J. Biomed. Mater. Res., 11 (1977) 
405-22. 
Sidman, K. R., Steber, W. D., Schwope, A. D. & Schaper, 
G. R., Controlled release of macromolecules and pharma- 
ceuticals from synthetic polypeptides based on glutamic 
acid. Biopolymers, 22 (1983) 547-56. 
Heller, J., Biodegradable polymers in controlled drug 
delivery. CRC Crit. Rev. Ther. Drug. Carrier Syst., 1 
(1984) 39-90. 
Anderson, J. M., Gibbons, D. F., Martin, R. L., Hiltner, 
A. & Woods, R., J. Biomed. Mat. Res., Symp. 5 (1974) 
197. 
Sidman, K. R., Schwope, A. D., Steber, W. D., Rudolph, 
S. E. & Poulin, S. B., I. Membr. Sci., 7 (1980) 277. 
Miller, R. A., Brady, J. M. & Cutright, D. E., Degrada- 
tion rates of oral resorbable implants. J. Biomed. Mat. 
Res., 11 (1977) 711. 
Gilding, D. K. & Reed, A. M., Biodegradable polymers 
for use in surgery. Polymer, 20 (1979) 1459. 
Chu, C. C. & Campbell, N. D., Scanning microscopy 
study of the hydrolytic degradation of poly (glycolic acid) 
sutures. J. Biomed. Mat. Res., 16 (1982) 417. 
Pitt, C. G., Gratzl, M. M., Kimmel, 6. M., Surles, J. & 
Schindler, A., Aliphatic polyesters II. The degradation of 
poly (DL-lactide), poly (caprolactone) and their co- 
polymers in vivo. Biomaterials, 2 (1981) 215-20. 
Vion, J. M., Jerome, R., Teyssie, Ph., Aubin, M. & 
Prud’homme, R. E., Macromolecules, 19 (1986) 1828. 



268 J. M. Schakenraad, P. J. Dijkstra 

42. Shalabe, S. W. & Jamiolkowski, D. D., Polymer Reprints, 
26(2) (1985) 190. 

43. Kricheldorf, H. R., Mang, T. & Jon& J. M., Mucro- 
molecules, 17 (1984) 2137. 

44. Feng, X. D., Song, C. X. & Chen, W. Y., J. Pal., Sci., 21 
(1983) 593. 

45. Williams, D. F. & Mort, E., Enzyme accelerated hy- 
drolysis of polyglycolic acid. J. Bioengn., 1 (1977) 231-8. 

46. Williams, D. F., Enzymatic hydrolysis of polylactic acid. 
Eng. Med., 10 (1981) 5-7. 

47. Gilbert, R. D., Stannett, V., Pitt, C. G. & Schindler, A., 
In Development in Polymer Degradation; ed. N. Grassie, 
Elsevier. Applied Science, London, England, 1982, p. 259. 

48. Woodward, S. C., Brewer, P. S., Moatamed, F., 
Schindler, A. & Pitt, C. G., The intracellular degradation 
of poly(s-caprolactone). J. Biomed. Mat. Res., 19 (1985) 
437. 

49. Nissen, D., Gilon, C. & Goodman, M., Poly- 
depsipeptides, 4. Synthesis of sequential polymers con- 
taining some amino acids having polar side chains and 
(S)-lactic acid. Macromol. Chem. Suppl., 1 (1975) 23-53. 

50. Mathias, L. J., Fuller, W. D., Nissen, D. & Goodman, 
M., Macromolecules, 11 (1978) 534. 

51. Katakai, R. & Goodman, M., Polydepsipeptides 9, 
synthesis of sequential polymers containing some amino 
acids having polar side chains and (s)-lactic acid. 
Macromolecules, 15 (1982) 25. 

52. Goodman, M., Becktel, W, Katakai, R. & Wouters, G., 
Macromol. Chem. Suppl., 4 (1981) 100. 

53. Goodman, M., Gilon, C., Polumbo, M. & Ingwall, R. T., 
Isr. J. Chem., 12 (1974) 67. 

54. Helder, J., Feyen, J., Lee, S. J. & Kim, S. W., Copolymers 
of DL-lactic acid and glycine. Macromol. Chem. Rapid 
Comm., 7 (1986) 193-S. 

55. Asano, M., Yoshida, M., Kaetsu, I., Katakai, R., Imai, 
K., Mashimo, T., Yuasa, H. & Yamanaka, H., Poly- 
deptipeptides 2. Seitai Zairyo, 4 (1986) 65-7.5. 

56. Kaetsu, I., Yoshida, M., Asano, M., Yamanaka, H., 
Imai, K., Yuasa, H., Mashimo, T., Suzuki, K., Katakai, 
R. & Oya, M., Biodegradable implant composites for 
local therapy. J. Controlled Rel. 6 (1987) 249-63. 

57. Asano, M., Yoshida, M., Kaetsu, I., Katakai, R., Imai, 
K., Mashimo, T., Yuasa, H., Yamanaka, H. & Suzuki, 
K., Study on biodegradability of (AlaAlaGlu[OEt]Lac) 
as a polydepsipeptide. J. Japanese Sot. Biom., 3 (1985) 
85-94. 

58. Schakenraad, J. M., Nieuwenhuis, P., Molenaar, I., 
Helder, J., Dijkstra, J. & Feijen, J., In vivo and in vitro 
degradation of glycine/DL-lactic acid copolymers. J. 
Biomed. Mat. Res., 23 (1989) 1271-88. 

59. Barrows, T. H., Johnson, J. D., Gibbons, S. J. & 
Grussing, D. M., In Polymers in Medium 2, Polymer 
Science and Technology, Plenum, 1986, p. 85. 

60. Helder, J., Dijkstra, P. & Feijen, J., In vitro degradation 
of glycine/DL-lactic acid copolymers. J. Biomed. Mat. 
Res., 24 (1990) 1005-20. 

61. Bushuk, W. & Benoit, H., Can. J. Chem., 36 (1958) 1616. 
62. Kohn, F. E., van den Berg, J. W. A., van de Ridder, G. & 

Feijen, J., J. Applied Pol. Sci. 29 (1983) 1081. 
63. Lundberg, R. D., Koleske, J. V. & Wischmann, K. B., J. 

Pol. Sci., A-17 (1969) 2915. 
64. McEwen, I. J. & Johnson, A. F., In Alternating Co- 

polymers, ed. J. M. G. Cowie, Plenum Press, New York, 
1985, p. 239. 

65. Busscher, H. J., Pelt, A. W. J., de Jong, H. P. & Arends, 
J., Effect of spreading pressure on surface free energy 
determinations by means of contact angle measurements. 
J. Colloid Interface Sci., 95 (1983) 23-7. 

66. Schakenraad, J. M., Busscher, H. J., Wildevuur, Ch. R. 
H. & Arends, J., The influence of substratum surface free 
energy on growth and spreading of human fibroblasts in 
the presence and absence of serum proteins. J. Biomed. 
Mat. Res., 20 (1986) 773-84. 

67. Schakenraad, J. M., Busscher, H. J., Wildevuur, Ch. R. 
H. & Arends, J., Thermodynamical aspects of cell 
spreading on solid substrata. Cell Biophysics, 13 (1988) 
75-9 1. 

68. Schakenraad, J. M., Arends, J., Busscher, H. J., Dijk, F., 
van Wachem, P. B. & Wildevuur, Ch. R. H., Kinetics of 
cell spreading on protein precoated substrata: a study of 
interfacial aspects. Biomaterials, 10 (1989) 43-50. 

69. Mason, N. S., Miles, C. S. & Sparks, R. E., In Biomedical 
and Dental Applications of Polymers, Ed. Gebelein & 
Koblitz, 1981, p. 279. 

70. Kenley, R. A., Lee, M. O., Mahoney II, T. R. & Sanders, 
L. M., Macromolecules, 20 (1987) 2398. 

71. Pitt, C. G. & Gu, Z., Modification of the rates of chain 
cleavage of poly(e-caprolactone) and related polyesters 
in the solid state. J. Controlled Rel., 4 (1987) 283-92. 

72. Cha, Y. & Pitt, C. G., The degradability of polyester 
blends. Biomaterials, 11 (1990) 108-12. 

73. van Wachem, P. B., Schakenraad, J. M., Feijen, J., 
Beugeling, T., van Aken, W. G., Blaauw, E. H., 
Nieuwenhuis, P. & Molenaar, I., Adhesion and spreading 
of cultured endothelial cells on modified and unmodified 
poly(ethylene terephthalate) : a morphological study. 
Riomaterials, 10 (1989) 532-Y. 

74. Ziats, N. P., Miller, K. M. & Anderson, J. M., In vitro 
and in vivo interactions of cells with biomaterials. 
Biomaterials, 9 (1988) 5-13. 

75. Lydon, M. J., Minett, T. W. & Tighe, B. J., Cellular 
interactions with sythetic polymer surfaces in culture. 
Biomaterials, 6 (1985) 396402. 

76. Taylor, J. A., Abodeely, R. A. & Fuson, R. L., Rapid 
screening of biomedical polymers by two methods of 
tissue culture. Trans. Am. Sot. Art. Int. Org., 19 (1973) 
175-8. 

77. Harmand, M. F., Bordenave, L., Duphil, R., Jeandot, R. 
& Ducasson, D., Human differentiated ration of cell/ 
biomaterial interface. In Advances in Biomaterials, vol. 6, 
ed. P. Christel, A. Merimei & A. J. C. Lee, Elsevier, 
Amsterdam, 1986, pp. 361-6. 

78. Mathisen, S. R., Coan, D. E., Sauvage, L. R., Wu, H. D., 
Weckezak, A. R. & Goff, S. G., A rapid in vitro test of the 
in vivo healing potential of vascular prostheses. J. Biomed. 
Mat. Res., 21 (1987) 1081-91. 

79. Bakker, D., van Blitterswijk, C. A., Daems, W. Th. & 
Grote, J. J., Biocompatibility of six elastomers in vitro. J. 
Biomed. Mat. Res., 22 (1988) 423-39. 

80. Pizzoferato, A., Vespucci, A., Ciapetti, G. & Stea, S., 
Biocompatibility testing of prosthetic implant materials 
by cell cultures. Biomaterials, 6 (1985) 34651. 

81. Johnson, H. J., Northup, S. J., Seagraves, P. A., Atallah, 
M., Garvin, P. J., Lin, L. & Darby, T. D., Bio- 
compatibility test procedures for materials evaluation in 
vitro II. 

82. van Luyn, M. J. A., van Wachem, P. B., Nieuwenhuis, P., 
Olde Damink, L., ten Hope, H. & Feijen, J., Methyl- 
cellulose cell culture as a new test system cytotoxicity for 
biomaterials J. Mat. Sci: Mat in Med., 2 (1991) 
142-8. 

83. Marchant, R. E., Hiltner, A., Hamlin, C., Rabinovitch, 
A., Slobodkin, R. & Anderson, J. M., In vivo 
biocompatibility studies. I. The cage implant system and 
a biodegradable hydrogel. J. Biamed. Mat. Res., 17 (1983) 
301-25. 



L Biocompatibility of Poly (DL-Lactic Acid/Glycine) Copolymers 269 

84. 

85. 

86. 

87. 

88. 

89. 

90. 

91. 

92. 

93. 

94. 

95. 

96. 

97. 

Coleman, -D. L., King, R. N. & Andrade, J. D., The 
foreign body reaction-an experimental protocol. J. 
Biomed. Mat. Res. Symp., 5 (1974) 65-76. 
Gerrits, P. 0. & Smid, IL., A new polymerization system 
for the embedding of soft tissues in glycol methacrylate 
and subsequent preparing of serial sections. J. Microsc., 
132 (1983) 81-5. 
Blaauw, E. II., Jonkman, M. F. & Gerrits, P. O., Rapid 
connective tissue stain for glycol methacrylate embedded 
tissue. Acta Morphologica Neerlando-Scandinavica, (in 
press). 
Anderson, J. M. & Miller, K. M., Biomaterial bio- 
compatibility and the maerophage. Biomaterials, 5 (1984) 
5-10. 
Marchant, R. E., Sugie, T., Hiltner, A. & Anderson, J. 
M., Biocompatibility and an enhanced acute inflam- 
matory phase model. In Corrosion and Degradation of 
Implant Materials, ed. A. C. Fraker & C. D. Griffin, Am. 
Sot. for Testing and Materials, Philadelphia, 1985, pp, 
251-66. 
Ross, R., Woundhealing. Scientific American, 220 (1969) 
40-50. 
Inflammation and the cellular response to injury. In 
Pathologic Basis of Disease, ed. S. C. Robbins & W. B. 
Saunders, London, 1985, pp. 1-14. 
Wilkinson, P. C., Chemotaxis and Injammation, 
Churchill-Livingston, London, 1974. 
Hirch, B. 6. & Johnson, W. C., Concepts of granulo- 
matous inflammation. ht. J. Dermatol., 23 (1984) 225- 
48. 
Visscher, 6. E., Robison, R. L., Maulding, H. V., Fong, J. 
W., Pearon, J. E. & Argentieri, G. J., Note: bio- 
degradation of and tissue reaction to poly (DL-lactide) 
microspheres. J. Biomed. Mat. Res., 20 (1986) 667-76. 
Bowald, S., Bush, C. & Eriksson, I., Arterial regeneration 
following polyglactin 910 suture mesh grafting. Surgery, 
86 (1979) 722-9. 
Audell, L., Bowald, S., Busch, C. & Eriksson, I., 
Polyglactin mesh grafting of the pig aorta, Acta. Chir. 
Stand., 146 (1980) 97-9. 
Kitakado, Y. & Tanaka, K., A new bioabsorbable 
material for rat venous anastomosis. Transpl., 44 (1987) 
620-2. 
Visscher, G. E., Robison, R. L., Maulding, H. V., Fong, J. 
W., Pearson, J. E. & Argentieri, G. J., Biodegradation of 
and tissue reaction to SO:50 Poly (DL-Lactide-co- 

98. 

99. 

100. 

101. 

102. 

103. 

104. 

105. 

106. 

107. 

108. 

109. 

110. 

glycolide) microcapsules. J. B2omeaS Mat. Res., 19 (1985) 
349-65. 
Visscher, G. E., Robison, R. L. &Argentieri, G. J., Tissue 
response to biodegradable injectable microcapsules. J. 
Biomed. Appl., 2 (1987) 118-31. 
Zaikov, 6. E., Quantitative aspects of polymer degra- 
dation in the living body. Rev. Macromol. Gem. Phys., 
25(4) (1985) 551-97. 
Salthouse, T. N. & Williams, J. A.: Histologicai obser- 
vation of enzyme activity at suture implant sites. .f. Surg. 
Res., 9 (1969) 481. 
Schakenraad, J. M., Oosterbaan, 3. A., Nieuwenhuis, P., 
Molenaar, I., Olyslager, J.? Potman, W., Eenink, M. J. D. 
& Feijen, J., Biodegradable hollow fibres for the con- 
trolled release of drugs. Biomateriais, 9 (1988) 116-20. 
Vert, M., Li, S. M., Spendlehauer, 6. $r Guerin, P.: 
Bioresorbability and biocompatibility of aliphatic poly- 
esters. In Degradation and Bio~ampati~il~ty of Synthetic 
Degradable Polymers, ed. D. F. Williams, CRC Press, 
Boca Raton, 1990. 
Vert, M., Bioresorbable polyesters for bone surgery. 
Macromol. Chem. Suppl., 5 (1981) 3&41. 
Browning, A. & Chu, C. C., The effect of annealing 
treatments on the tensile properties and hydrolytic 
degradative properties of polyglycolic acid sutures. J. 
Biomed. Mat. Res., 20 (1986) 613-32. 
Sieman, U., The influence of water on the glass transition 
of poly (DL-lactic acid). Thermochimica Acta, 
513-16. 
Matano, K., Oshima, H. & Kondo, T.: Mechanism of 
hydrolytic degradation of poly (I-lactide) microcapsules : 
effect of pH, ionic strength and buffer concentration. J. 
Micro-encapsulation, 3 (1986) 203-12. 
Williams, D. F. & Mort, E., Enzyme accelerated hy- 
drolysis of polyglycolic acid. J. Bioengineering, 1 (1977) 
231-8. 
Williams, D. F., Enzymatic hydrolysis of polylactic acid. 
Eng. Med., 10 (1981) 5-7. 
Smith, R., Oliver, C. & Williams, F., The enzymatic 
degradation of polymers in vitro. J. Bkned. Mat. Res., 21 
(1987) 991-1003. 
Schakenraad, J., Hardonk, M. J., Feijen, J., Molenaar, I. 
& Nieuwenhuis, P., Enzymatic activity towards poly(l- 
lactic acid) implants. J. Biomed. Mat. Res., 24 (1990) 
529945. 


